ABSTRACT (420 words) We report the concentrations ([Li]) and isotopic compositions of Li in mineral separates and bulk rocks obtained by MC-ICPMS for 14 previously studied peridotite xenoliths from the Udachnaya kimberlite in the central Siberian craton as well as major and trace element compositions for a new suite of 13 deformed peridotites.
Introduction
The most distinctive textural difference between peridotite xenoliths brought up by volcanic eruptions in cratons and those from off-craton regions is that the former include deformed porphyroclastic rocks, with coarse olivine grains partially or completely replaced with smaller polygonal neoblasts (Nixon and Boyd, 1973) . Such deformed or 'sheared' peridotites are the most common rock types in many kimberlite-hosted cratonic xenolith suites. They usually contain garnet, have higher equilibration temperatures (T≥1100°C) than coarse peridotites (e.g. Boyd, 1973) and considerable chemical enrichments (e.g. Boyd, 1998) .
The origins of the sheared peridotites and the extent and nature of their mantle source regions continue to be debated in spite of decades of studies (e.g. Pearson et al., 2014) . Because the fine-grained textures cannot be retained for a long time in the hot mantle, they must be transient phenomena in the absence of strong differential stresses (e.g. Mercier, 1979) , which are not likely to be long-lasting in cratonic lithosphere. Further, common enrichments in Fe, Ti and incompatible trace elements in sheared peridotites suggest that the deformation may be linked to metasomatism (e.g. Kesson and Ringwood, 1989 ), but it is not clear if the deformation comes first and triggers metasomatism by facilitating the ingress of fluids/melts or, alternatively, deformation follows mechanical weakness zones initially created by fluid ingress (e.g. van der Meer et al., 2013) . Another vividly debated topic is to what extent the sheared rocks are common in cratonic lithosphere. Some lines of evidence (e.g. high density relative to normal melt-depleted peridotites due to common Fe-enrichments (Jordan, 1979) or low viscosity due to high water contents (Doucet et al., 2014)) suggest that sheared peridotites may not be a major component in cratonic lithosphere in spite of their high share in many kimberlite-hosted xenolith suites.
Instead, the strong deformation may be local and short-lived, likely limited to the lithosphere-asthenosphere boundary or, possibly, margins of mantle diapirs or pathways of kimberlitic and other fluid-rich sub-lithospheric magmas in the lithosphere (Aulbach et al., 2017; James et al., 2004; Sharygin et al., 2015) .
A major hindrance in studies of kimberlite-hosted xenoliths in general and sheared rocks in particular is that they are usually serpentinized; the post-eruption alteration both obscures textural features and affects chemical compositions limiting chemical and isotope studies to analyses of coarse garnet and clinopyroxene (cpx) (e.g. Howarth et al., 2014) . One of very few exceptions are samples recovered from a particular, unserpentinized portion of the Udachnaya-East kimberlite in the central Siberian craton (Golovin et al., 2017; Kamenetsky et al., 2014; Kamenetsky et al., 2012) , which has arguably provided the freshest cratonic xenoliths reported so far including large sheared peridotites (Agashev et al., 2013; Ionov et al., 2010) .
Comprehensive studies of these rocks may further improve our knowledge of compositions and processes in cratonic lithosphere.
Very promising could be a combination of detailed petrographic and chemical data with stable isotope compositions because the latter can be fractionated by melting and metasomatism (e.g. Doucet et al., 2016; Pogge von Strandmann et al., 2011; Williams and Bizimis, 2014) . In particular, studies of several mantle xenolith suites, including variably metasomatized peridotites from the SE Siberian craton Magna et al., 2008; Rudnick and Ionov, 2007) , have shown that Li concentrations and isotope ratios can be strongly affected by diffusion and melt-rock reaction during metasomatism. It is thus possible that Li systematics could yield new insights into fluid infiltration and element transfers if these processes accompany deformation in cratonic roots sampled by kimberlite-hosted xenoliths. No Li isotope data for such rocks, however, have been reported as yet in peer-reviewed literature. This paper has two new datasets and two objectives. First, we report a set of petrographic and chemical data including major and trace element compositions of whole rocks (WR) and minerals for 13 new, large and fresh, deformed peridotite xenoliths from the Udachnaya-East kimberlite, which together with previously published results (Agashev et al., 2013; Doucet et al., 2013; Ionov et al., 2010 ) are used to shed more light on the origin of deformed peridotites and the nature of their mantle source region both in Udachnaya and in cratonic mantle in general. Second, we report Li concentrations ([Li] ) and isotope ratios for 14 peridotite xenoliths from Udachnaya-East reported by Ionov et al. (2010) and for two fresh Udachnaya kimberlites reported by Kamenetsky et al. (2012) , which are the first data on Li isotopes for kimberlite-hosted mantle peridotites. These samples cover a large part of the mantle lithospheric profile beneath Udachnaya and include all major rock types of cratonic peridotites in terms of textures, modal and chemical compositions (spinel harzburgites, coarse and deformed garnet harzburgites and lherzolites). Overall, the major goal of this paper is to better constrain the relations between the textures, deformation and chemical and Li isotope composition beneath Udachnaya and in cratonic roots in general. We also report Mg-isotope ratios for olivine in four xenoliths.
Geologic setting and samples

Geologic setting and host kimberlite
The late Devonian Udachnaya pipe (66°26' N, 112°19'E) (KML file) is part of the Daldyn-Alakit kimberlite field located in the Daldyn block near the center of the Siberian craton with crustal ages mainly 1.8-2.6 Ga (Rosen et al., 1994) . The information about regional geology, the kimberlite and its xenoliths has been provided in numerous publications including Ionov et al. (2010 Ionov et al. ( , 2015 , Kamenetsky et al. (2012 Kamenetsky et al. ( , 2014 and Moyen et al. (2017) , to which readers are referred for references. The pipe was an open-pit diamond mine in 1982-2014, but from 2014 the mining and crushing was performed underground and may not recover more xenoliths. Data on Udachnaya peridotite xenoliths published before 2010 were obtained on strongly altered, serpentinized xenoliths found near the surface or at shallow levels in the mine (Boyd et al., 1997; Spetsius and Serenko, 1990) . Xenoliths in this study were sampled in the 420-620 m depth range near the center of the Udachnaya-East pipe in remarkably well-preserved type-I kimberlite (Golovin et al., 2017; Kamenetsky et al., 2012; Kitayama et al., 2017) . Various petrophysical, petrologic and geochemical data on samples from this study as well as other fresh, representative peridotite xenoliths from Udachnaya have been published recently (Agashev et al., 2013; Bascou et al., 2011; Doucet et al., 2013; Doucet et al., 2015; Doucet et al., 2012; Doucet et al., 2014; Goncharov et al., 2012; Ionov et al., 2015; Jean et al., 2016) .
Sample selection and preparation
The 13 new xenoliths in this study are listed in Table 1 , which provides a summary of essential petrographic and chemical data; the full dataset is given in Electronic Supplement 1 (ES1). The samples are fresh, modally homogeneous and large enough to provide representative WR powders considering their grain size and fabrics (Boyd, 1989) ; they include major petrographic types and deformation degrees in deformed Udachnaya peridotites. The xenoliths are ellipsoidal, 10-30 cm in size.
Their rinds were removed by sawing. Slabs of fresh rock from xenolith cores were 8 inspected to make sure they contain no kimberlite, veins or modal gradations. Some 300-600 g (Table 1 ) of material were crushed to <5-10 mm in a steel jaw crusher carefully cleaned to avoid cross-contamination. Splits of crushed material (50-100 g) were ground to fine powder in agate, pure mineral grains for in-situ analyses were handpicked from other splits.
Small chips of two fresh kimberlites were crushed to ≤2 mm and inspected under binocular microscope before grinding to fine powder in agate. The crushed material was fresh, but contained numerous rounded fragments of mantle and crustal rocks or their minerals, in line with thin section observations; the most abundant xenogenic material is yellow-green olivine apparently produced by disintegration of peridotites (Kamenetsky et al., 2012; Kamenetsky et al., 2008) .
The 14 xenoliths analyzed for [Li] and Li isotopes are listed in Table 2 . They were selected among those reported by Ionov et al. (2010) to include all major peridotite types found as xenoliths in the Udachnaya kimberlite (including 5 deformed rocks) and to cover their P-T range (≤2.5-6.8 GPa; 760-1340°C). A summary of essential petrologic and chemical data on these samples is listed in Table 2 ; all available chemical data are given in Electronic Supplement 2 (ES2). Pure minerals for analyses were handpicked from 0.3-1 mm size fractions of sieved crushed rocks.
The sample preparation and analytical protocols for Udachnaya peridotites reported by Ionov et al. (2010) and Doucet et al. (2013) were the same as in this study, in particular regarding minimal alteration, modal homogeneity, lack of kimberlite veins and large size of crushed WR material as well as contamination-free WR powder preparation. By contrast, the sample preparation protocols of Udachnaya xenoliths reported by Agashev et al. (2013) were not fully specified in their paper.
Anomalously high Zr in many of their WR samples suggests that their WR powders were ground in tungsten carbide. We also use for comparison data on serpentinized Udachnaya peridotites reported by Boyd et al. (1997) .
Analytical techniques
The concentrations of major and minor elements in 13 new whole-rock samples were determined by wavelength-dispersive (WD) X-ray fluorescence (XRF) spectrometry at J. Gutenberg University, Mainz, Germany. The rock powders were first ignited for 3 h at 1000°C to turn all FeO into Fe2O3 and expel water and CO2.
Loss on ignition (LOI) was calculated as mass of the powder after ignition less its mass before ignition as percentage of the initial mass. Glass beads, produced by fusing 0.8 g of the ignited powders with 4.8 g of dried LiB4O7 (1:7 dilution) were analyzed on a Philips PW1404 instrument using ultramafic and mafic reference standards were natural and synthetic minerals; ZAF correction was applied.
Modal compositions were calculated from major oxide data on bulk rocks and minerals by least square regressions.
Whole-rock trace element compositions were determined by solution ICPMS (inductively coupled plasma mass spectrometer) at Université de Montpellier following a modified method of Ionov et al. (1992) . Finely ground rock powders (100 mg) were dissolved in HF-HClO4 mixtures. Dried samples were taken up in HNO3 and diluted in 2% HNO3 to 1:2000 shortly before the analysis. The solutions were analyzed on an Element XR instrument together with blanks, synthetic solutions to control oxide production and reference sample JP-1. Chemical blanks are ≤0.04 ppm for Li, Sr, Ba and Pb, and ≤0.002 ppm for Rb, Zr, Y, Nb, Ta, Cs, Hf, Th, U and rare earth elements (REE) (Sheet 2 of ES1).
Garnet and cpx were analyzed for trace elements by LA-ICPMS at the LMV in polished grain mounts. The AGILENT 7500 ICPMS instrument is coupled with an Excimer 193 nm Resonics M-50E ATL laser operated at 7 Hz, ~6 mJ.cm-² pulse energy and beam size of 70-100 μm. Helium was used as carrier gas. Acquisition time was 90 s for background and 60 s for signal. SRN NIST 612 was used as external standard and BCR-g for control. Data were reduced with GLITTER software.
The concentrations and isotope ratios of Li were determined at the University of Bristol's School of Earth Sciences. Samples were dissolved in concentrated HF-HNO3-HClO4, followed by concentrated HNO3 and 6 M HCl. HClO4 was primarily used to prevent the formation of insoluble Li-fluorides (Ryan and Langmuir, 1987) .
Mineral separates were cleaned by ultrasonication in methanol and MQ H2O.
Lithium concentration and isotope analysis methods are detailed in Pogge von Strandmann et al. (2011) . Briefly, Li concentrations were measured on an Element 2 ICPMS using a calibration line comprising standards JP-1 ([Li] = 1.66 μg/g), BHVO-2 (4.42 μg/g) and BCR-2 (8.63 μg/g), whose concentrations were determined by isotope dilution using a 95% enriched 6 Li spike, which had been calibrated against a gravimetric L-SVEC solution. JB-2 was analyzed as an unknown in every run and yielded [Li] = 7.43 ± 0.38 μg/g. Li isotope purification was performed by passing enough sample for ~10ng Li through a two-step cation exchange column using dilute HCl as an eluent (Marschall et al., 2007; Pogge von Strandmann et al., 2011; Pogge von Strandmann et al., 2012) . Li isotopes were subsequently analyzed on a Thermo Neptune multi-collector (MC) ICPMS, bracketed by the standard LSVEC. Results from international rock standards are presented in Pogge von Strandmann et al. (2011 Strandmann et al. ( , 2012 and Lai et al. (2015) . The long-term reproducibility, as determined by repeated analyses of these standards over a period of 8 years, is ±0.3‰ (2sd).
Mg isotope purification was performed by passing enough sample for ~1μg Mg through a two-step cation exchange column using dilute HNO3 as an eluent (Pogge von Strandmann et al., 2011) . Mg isotope ratios were analyzed using a Neptune MC-ICP-MS, by bracketing with the DSM-3 standard. Results from international rock standards, including an inter-laboratory comparison reported previously (Lai et al., 2015; Pogge von Strandmann et al., 2015; Pogge von Strandmann et al., 2011; Pogge von Strandmann et al., 2012; Teng et al., 2015) show that the long-term reproducibility is ±0.06‰ on δ 26 Mg.
Results
Petrography and thermo-barometry
Cratonic garnet peridotites are commonly grouped based on their microstructures as coarse or sheared. Here we use a more detailed classification, which in addition includes a range of 'transitional' (from coarse to sheared) microstructures with low deformation degrees. It was proposed by Ionov et al. (2010) and further developed by Agashev et al. (2013) and Doucet et al. (2013) for fresh Udachnaya garnet peridotites where remarkable preservation of olivine and orthopyroxene (opx) shows in detail successive transformation of granular microstructures into different porphyroclastic fabrics as the ratio of olivine neoblasts to total olivine increases from near zero to 100% (Fig. 1a-d) . Here, following Ionov et al. (2010) , we define the deformed fabrics as 'transitional' if the rocks: (i) have ≤60% of olivine neoblasts, and (ii) initial (pre-deformation) outlines of coarse olivine grains can be traced because the neoblasts are not displaced and their size decreases towards the former rims (Fig. 1b,c ).
Among the 13 new garnet peridotites in this study seven have the transitional microstructures including one (Uv110/11) with incipient deformation (<10% neoblasts at rims of fractured coarse olivine grains; Fig. 1a ) similar to those reported, together with coarse garnet peridotites, by Doucet et al. (2013) , and another six are sheared including one with a 'fluidal' sub-type (Uv546/10) with chains of elongated pyroxene grains and flow marks (Fig. 1d) . In terms of modal compositions (Table 1) , five samples are lherzolites (12-14% cpx, 9-15% garnet) and seven are cpx-bearing harzburgites (1.6-4.9% cpx, 3-5% garnet), with an apparent gap in modal cpx (from 5 to 12%) and garnet (from 6 to 8%) between the two rock types. Out of the seven harzburgites four are sheared and three transitional, out of the five lherzolites two are sheared and three transitional, i.e. there is no apparent correlation between deformation degrees and modal compositions. The 14 samples for Li analyses (Table   2) include four spinel harzburgites, five coarse garnet harzburgites and five deformed peridotites (one transitional and four sheared; three lherzolites and two harzburgites).
The P-T estimates for the new samples are given in Table 1 GPa for transitional and 6.3 GPa for sheared rocks, and the same average T~1270°C. Importantly, they overlap the highest P-T values shown by coarse garnet peridotites. Such an overlap is not uncommon in cratonic mantle, e.g. both coarse and sheared peridotites coexist in the 120-160 km depth range (~4-5 GPa, ~950-1100°C) beneath Kimberley in South Africa, indicating, like in this study, large local variations in deformation degrees (Boyd and Nixon, 1978; Katayama et al., 2009 ).
Major element and modal composition
The WR concentrations of major oxides and LOI in the 13 new samples are given in Sheet 1 of the ES1, values for Al2O3, FeO and CaO, and Mg# [Mg/(Mg+Fe) at] are also provided in Table 1 . The WR concentrations of major oxides and LOI in the 14 samples for Li analyses (Ionov et al., 2010) The LOI values range from 1.0 to -0.1 wt.% (average 0.3 %); these low values indicate that secondary alteration is limited, that is, nearly absent in many samples and low in others, even in samples with abundant fine-grained olivine sensitive to alteration. The negative LOI, that is, gain of mass on ignition means that oxidation of FeO to Fe2O3 is more significant than the loss of volatiles (usually H2O and CO2 from alteration products) if the latter are present.
The contents of major and minor oxides in the peridotites in this study are plotted in Fig. 3 together with published data for fresh coarse and deformed peridotites from Udachnaya (Agashev et al., 2013; Doucet et al., 2012 Doucet et al., , 2013 Ionov et al., 2010) and for worldwide cratonic suites (recalculated to 100% anhydrous). The spinel and some coarse garnet peridotites from Udachnaya were earlier interpreted as nearly pristine (in terms of modal and major oxide compositions) residues of 35-40% melt extraction at high to moderate pressures (Doucet et al., , 2013 . These residues are low in Al2O3 (<1.8 wt.%), CaO (<1.3 wt.%), FeO (<8 wt.%) and TiO2 and have high NiO (>0.32 wt.%) and Mg# (≥0.92). The deformed peridotites, by contrast, usually have higher Ca, Al, Fe, Ti and lower Ni and Mg# than the coarse residual peridotites.
The deformed Udachnaya rocks in this study can be subdivided in two groups, mainly based on concentrations of Ca, Fe and Ti, and Mg#, i.e. degrees of chemical enrichment relative to typical coarse peridotites (Fig. 3) . The majority (7 harzburgites) are low in Ca and contain only slightly more Fe and Ti than the residual coarse peridotites. A smaller number (5 lherzolites and a harzburgite) have much higher FeO (>9.5 wt.%) and TiO2 (>0.1 wt.%), and low NiO (<0.3 wt.%) and Mg# (<0.89), or alternatively, high CaO (>1.5 wt.%), and plot far off the fields of coarse peridotites in Fig. 3 . Some of these samples are enriched either in Fe and Ti or in Ca, but the majority show enrichments of all these elements. The ranges of SiO2 and Cr2O3 in coarse and deformed garnet peridotites do not appear to be very different (Fig. 3 c,e).
The deformed Udachnaya peridotites in this study and those reported by Doucet et al. (2013) and Ionov et al. (2010) show a bi-modal distribution of modal abundances of cpx and garnet. The majority of deformed peridotites have relatively low modal cpx (<8%) and garnet (<10%), i.e. about the same as coarse garnet peridotites or only slightly higher, whereas some deformed peridotites contain notably more cpx and garnet (~12-16%) (Fig. 4 a,c) . The modal distinctions between the low-and high-cpx (or low-and high-garnet) deformed peridotites are more gradual if one takes into account data for xenoliths from Udachnaya in Agashev et al. (2013) and Boyd et al. (1997) or from other cratons (Fig. 5 b, d) , possibly because the modal estimates in the latter are less precise due to small and/or heterogeneous WR samples or alteration.
Yet, it is evident that the deformed Udachnaya peridotites, by contrast to coarse peridotites, include a subset of samples significantly enriched in modal cpx and garnet, as well as in Fe, Ti, Ca.
Whole-rock Mg# (Mg#WR) shows perfect linear correlations (correlation coefficient r 2 = 0.99) with Mg# of olivine (Mg#Ol) and opx (Mg#Opx) (Fig. 5a ) while Cr# in WR (Cr#WR) shows a perfect linear correlation with Cr# of garnet (Cr#Gar), except for rare coarse peridotites containing accessory Cr-spinel (Fig. 5b) . The Cr#WR in deformed Udachnaya peridotites is identical to Cr#Gar; garnet appears to control the Cr-Al budgets in the rocks such that Cr#Gar can be used as a proxy for Cr#WR. Overall, these correlations demonstrate, on the one hand, chemical equilibration of olivine, opx and garnet, and, on the other hand, the consistency and high quality of XRF (WR) and EPMA (mineral) data. No significant differences have been found between the compositions of coarse and neoblast olivine (see also Agashev et al. (2013) ).
No spinel has been found in the deformed Udachnaya xenoliths, but it occurs in coarse, low-T garnet peridotites (Doucet et al., 2013) that are off the Cr#WR vs. Cr#Gar trend in Fig. 5b . This is consistent with thermodynamic modeling of phase relations in refractory garnet peridotites by Ziberna et al. (2013) who showed that Cr-spinel may be stable at much higher pressures (up to 5-6 GPa) at low T <1000°C, common for coarse peridotites, than at high T >1200°C (below 3-4 GPa) estimated for deformed xenoliths in this and earlier studies.
The concentrations of Ca and Al show linear correlations with modal cpx and garnet that are major mineral hosts of these elements (Fig. 6 ). The plot of modal garnet vs. Al2O3 (Fig. 6b) defines a particularly regular near-linear correlation for samples in this study, and those of Doucet et al. (2013) and Ionov et al. (2010) , but shows more scatter for samples reported by Agashev et al. (2013) . The latter may be due to differences in sampling protocols, e.g. insufficient mass of WR samples, as discussed above and in section 2.2.
Trace element composition
The WR concentrations of trace elements in the 13 new samples are given in Sheet 2 of the ES1; those for the 14 samples for Li analyses after Ionov et al. (2010) are in Sheet 2 of the ES2. Trace element compositions of minerals in the 13 new samples are given in Sheet 4 of the ES1; those for the 14 samples for Li analyses are in Sheet 4 of the ES2.
Moderately incompatible trace elements in the deformed xenoliths show negative linear correlations with Al2O3 (r 2 >0.9 for Sc, V, Y and heavy and medium REE (Lu to Gd), and 0.80-0.87 for less compatible Zr and Hf) indicating that their concentrations are defined by melt extraction degrees. By contrast, highly incompatible elements (light REE, Rb, Sr, Nb, Ta, Pb, Th, U) show no valid correlations with Al2O3 and appear to be controlled by variable contributions from metasomatism. The concentrations of these elements are much higher in host kimberlites than in the xenoliths, but several elemental ratios (Nb/Ta, Rb/Cs, Ba/Nb, Ba/Rb) are distinct suggesting that mantle metasomatism rather than hypothetical contamination by kimberlite magma is the reason for enrichments of these elements in the peridotites.
The REE patterns for the new samples in this study are shown in Fig. 7 separately for eight samples with low (<6%) and five with higher (>6.5%) modal garnet. The WR samples with greater modal garnet have higher heavy and medium REE (HREE-MREE), but both groups show similar enrichments in light REE (Fig. 7 a,b) . The garnets in the low-garnet xenoliths show sinusoidal or humped REE patterns with the maximum at Eu-Sm while garnets in the high-garnet group show a gradual decrease in PM-normalized REE from Lu-Yb to La (Fig. 7c,d ). The cpx in both groups (Fig. 7 ef) have similar patterns, but those for the low-garnet rocks have lower HREE-MREE.
Furthermore, the cpx/garnet ratios for the REE (Fig. 7 i-j) decrease gradually from La to Lu in the high-garnet group, in line with cpx/gar partitioning in experiments (Ghiorso et al., 2002; Smith and Asimow, 2005) and equilibrated natural samples (e.g. Ionov, 2004) . By contrast, the cpx/garnet ratios in many low-garnet samples are irregular likely indicating the lack of REE equilibration between cpx and garnet.
Finally, the WR REE estimates calculated from their concentrations in the cpx and garnet, and modal abundances of these minerals are similar to HREE-MREE measured in the high-garnet samples, but are more variable and commonly lower than those measured in the low-garnet samples.
The differences in REE patterns of garnets in the two groups can be illustrated with two element ratios. The Lu/Sm ratio is high in garnets from the garnet-rich rocks (with gradual decrease from HREE to MREE), but low in the garnets with 'humped' REE patterns from low-garnet rocks. The Sm/Er, by contrast, is higher in the latter than in the former. As a result, co-variation plots of Lu/Sm vs. Sm/Er in garnets or the plots of these ratios vs. modal garnet (Fig. 8) can distinguish garnets from the lowand high-garnet deformed peridotites from this and earlier work.
Li concentrations and isotope compositions
Lithium concentrations ([Li] ) and  7 Li determined by MC-ICPMS in pure separates of olivine and opx from 14 xenoliths, and in WR of three spinel harzburgite xenoliths and two kimberlites are given in Table 3 . The variation ranges and average values ( ̅ ) of [Li] in olivine are similar in spinel harzburgites (1.2-1.9 ppm, ̅ =1.5 ppm) and coarse garnet peridotites (1.4-1.9 ppm, ̅ =1.7 ppm), but are much greater in deformed garnet peridotites (2.4-7.5 ppm, ̅ =4.3 ppm); those for  7 Li in olivine increase continuously from spinel harzburgites (1.2-2.4‰, ̅ =1.9‰) to coarse garnet peridotites (3.0-5.0‰, ̅ =3.7‰) to deformed garnet peridotites (1.8-11.6‰, ̅ =6.2‰) (Fig. 9a) . In the opx, [Li] and  7 Li show even greater variation ranges (Fig.   9b ) and usually higher values than in olivine (Fig. 9c-d (Fig. 9a) .
A striking feature is the strong Li elemental and isotope disequilibrium between the coexisting olivine and opx in nearly all the samples relative to experimental results (e.g. Caciagli et al., 2011; Ottolini et al., 2009 ) and data on equilibrated mantle peridotites (e.g. Ionov and Seitz, 2008; Jeffcoate et al., 2007; Seitz et al., 2004) . This is particularly obvious for the spinel and coarse garnet xenoliths that have a fairly narrow [Li] range (1.2-1.9 ppm) in olivine, but a much greater range (1.5-15.5 ppm) in opx (Fig. 9a) . Correspondingly, the opx/olivine ratios range from 0.9 to 9 for [Li] and from 0.2 to 6.6 for  7 Li. in bulk olivine and opx separates from solution ICPMS. These differences cannot be attributed to low quality of our LA-ICPMS data because earlier work showed they are reasonably consistent with solution ICPMS analyses (e.g. Rudnick and Ionov, 2007) .
Bulk rock [Li] determined by solution ICPMS in earlier work on Udachnaya may be less precise than our solution ICPMS data, but they are good enough to constrain [Li] in samples that have not been analyzed in this study. [Li] in 29 fresh Udachnaya kimberlites (Kamenetsky et al., 2012) range from 11 to 52 ppm, their average (20 ppm) is similar to that for two kimberlites in this study (11 and 32 ppm, ̅ = 21 ppm; Table 3 ). Average [Li] in WR Udachnaya peridotites reported by Ionov et al. (2010) increase from 4 ppm in spinel harzburgites to 5 ppm in coarse garnet peridotites to 9 ppm in deformed garnet peridotites (Sheet 2 of the ES2), i.e. are close to the [Li] range obtained for three spinel harzburgites in this study (4.9-6.7 ppm). Table 3 gives  26 Mg values for olivine separates from four xenoliths: two spinel harzburgites, one coarse garnet peridotite and one deformed garnet peridotite. They define a narrow range from -0.20‰ to -0.26‰, i.e. within the long-term reproducibility (±0.06‰), and show no significant differences between rock types, like for the majority of fertile or residual, Mg-rich on-and off-craton peridotites and pyroxenites (e.g. An et al., 2017; Lai et al., 2015; Pogge von Strandmann et al., 2011) .
Mg isotope compositions
Discussion
The origin of deformed peridotites by enrichments of melting residues
As shown in section 4.2, the great majority of deformed Udachnaya peridotites are enriched in Fe and Ti, less commonly in Ca and Al, relative to coarse peridotites and model melting residues. We further subdivide them into Group 1 with low modal cpx and garnet and minor to moderate chemical enrichments, and Group 2 with higher cpx and garnet as well as usually higher Fe and Ti, and lower Ni and Mg# (Figs. 6 and 7). The formation mechanisms for these two groups may not be exactly the same. Both groups were formed by metasomatism of refractory residual peridotites, but Group 1 rocks were mainly affected by 'cryptic' metasomatism, i.e. chemical enrichments via re-equilibration of existing cpx and garnet (residual or exsolved from high-T opx; Doucet al al., 2013) with migrating melts or fluids whereas Group 2 also shows 'modal' metasomatism (Dawson, 1984) , i.e. precipitation of new or additional cpx and garnet from Fe-Ti-Ca-rich melts (e.g. Shimizu, 1999) . The modal cpx/garnet ratios are higher in the Group 2 than in Group 1 peridotites (0.8-1.7 vs. 0.3-1.2) indicating that the modal metasomatism could precipitate more cpx than garnet.
The enrichments in different chemical components may not be correlated to each other, e.g. the peridotite with the highest FeO (11.1 wt.%) is low in CaO and Al2O3 (0.8-0.9 wt.%), and in the middle of the TiO2 range (0.12 vs. 0.05-0.22 wt.%), which may be due to metasomatism by different media, and/or by different processes (assimilation of trapped melt vs. reaction with percolating melt, e.g. Ionov et al. (2002) ). The ratio of TiO2 between coexisting garnet and cpx ranges broadly from 0.4 to 5.8 suggesting they may be out of chemical equilibrium in some samples. This inference appears to be consistent with trace element data. The sinusoidal REE in Group 1 garnets and highly variable cpx/garnet MREE-HREE ratios (Fig. 7) indicate incomplete equilibration of these minerals with (likely small-volume) metasomatic media, as earlier noted by Shimizu (1999) whereas the regular REE patterns in Group 2 garnets are consistent with greater equilibration with metasomatic media at higher melt/fluid-to-rock ratios.
Links between deformation, chemical composition and lithospheric evolution
Two lines of evidence could be used to infer the origin of the deformed peridotites in this study: (1) the distribution in the lithospheric profile and P-T relations of coarse vs. deformed rocks (section 4.1), (2) links of deformation with chemical compositions.
Deformed peridotites in the lithospheric profile
The following observations from the P-T data may be relevant (Fig. 2) : 1) the P-T values for the deformed rocks overlap the highest values shown by the coarse rocks, i.e. both coarse and deformed peridotites occur near the base of the lithosphere (~5-7 GPa, i.e. 150-220 km depth); 2) both low-T (900-1050°C) and high-T (≥1150°C) peridotites are present in this depth range (but high-T and deformed xenoliths are most common); 3) the high-T peridotites can be either coarse or deformed; 4) the proportion of deformed rocks decreases with depth, from 5 to 7 GPa (Goncharov et al., 2012) . These observations enable to address the essential aspect of the origin of the high-T and deformed peridotites -whether they only occur near the pathways of ascending kimberlite melts or, alternatively, are unrelated to kimberlites and present throughout the lower cratonic lithosphere (e.g. Agashev et al., 2013; Ionov et al., 2010; Shimizu, 1999; van der Meer et al., 2013) .
First (point 1 above), the presence and degrees (incipient-transitional  transitional  sheared  sheared-fluidal) of deformation are not correlated with temperature (Table 1) as earlier speculated by Ionov et al. (2010) . Point 2 suggests non-equilibrium thermal regime in the lower 1/3 of the lithospheric mantle beneath Udachnaya at the time of kimberlite eruption (e.g. Goncharov et al., 2012) , i.e. that the low-and high-T rocks are intercalated. Point 3 shows that high T alone cannot be the reason for the transformation of coarse to deformed peridotites suggesting that fluids may have played a role as well (e.g. Sharygin et al., 2015) . Overall, these lines of evidence suggest that the high T near the base of the lithosphere beneath Udachnaya are caused by localized heating of wall rocks by ascending melts, and that the deformation is due to a combination of the heating, fluid ingress and stressall related to the ascent of the proto-kimberlite melt.
The origin of linked deformation and chemical enrichments
We infer from the chemical evidence (sections 4.2 and 4.3) that the deformed
Udachnaya peridotites are metasomatized residues of melt extraction, which as a group experienced greater enrichments than coarse periodites. One can envisage two tectonic settings for their formation: (1) large-scale upward melt migration from the lithosphere-asthenosphere boundary through the lower lithosphere (5-7 GPa; Fig.   2 ), e.g. driven by a 'super-plume' (Howarth et al., 2014; Jean et al., 2016; Pernet-23 Fisher et al., 2015) , (2) swarms of upward propagating conduits of proto-kimberlite melts rooted in small-scale sub-lithospheric source regions (Giuliani et al., 2016; Le Roex et al., 2003; Sharygin et al., 2015; Sun et al., 2014; van der Meer et al., 2013 ).
The first model implies an upward zoning in the lower lithosphere with hotter and more metasomatized peridotites at greater depths, whereas the second model implies irregular distribution of temperature, deformation and enrichments with depth.
The data in this study suggest that the deformation in the Udachnaya xenoliths was accompanied mainly by small-scale, likely short-lived, enrichment events possibly involving a range of small-volume melts/fluids; more profound melt-rock reaction with additions of cpx and garnet and formation of Fe-Ti-rich rocks is less common. This style of chemical enrichments could arise in a system of thin veins spreading from ascending melt conduits, with fluid/melt compositions rapidly evolving due to mixing and reactions with host rocks, i.e. is consistent with model 2 above. By contrast, the xenoliths cannot be samples of successive zones in a large-scale upward melt migration system from the lithosphere-asthenosphere boundary. This inference is also consistent with a broad range of water in olivine (10-300 ppm) in the deepest Udachnaya peridotites (P> 5 GPa) (Doucet et al., 2014) . Deformation and metasomatism may be linked also in off-craton mantle where deformed (or finegrained recrystallized) peridotites were reported to be more metasomatized than coarse peridotites coexisting on a cm-m scale (Downes, 1990; Xu et al., 1998) .
Finally, the chemical enrichments in the deformed peridotites do not appear to be proportional to deformation degrees, e.g. among the five rocks with the lowest CaO and Al2O3 (≤1 wt.%) four are strongly deformed (sheared, including one with fluidal fabrics); out of four Fe-enriched peridotites (9.8-11.1 wt.% FeO) three show little deformation (transitional) ( Table 1 ). It appears that the deformation in the lithospheric roots beneath Udachnaya was accompanied (but not caused) by a complex fluid infiltration history, which involved at least two stages. First, an early Fe-Ti-rich asthenospheric melt entered the lower lithosphere to produce localized modal and equilibrated chemical enrichments in wall-rocks over a period of time. Later on, carbonate-rich proto-kimberlite fluids rapidly ascended through the weakness zones created by the first stage of metasomatism to produce much less equilibrated reaction products accompanied by deformation driven by the violent character of kimberlite eruption (Drury and van Roermund, 1989; Kamenetsky and Yaxley, 2015) .
[Li] and Li isotopes in the mantle lithosphere beneath Udachnaya
The elemental and isotope compositions of lithium in mantle xenoliths and mantlederived magmas have been extensively studied in the last two decades (see a review in Penniston-Dorland et al. (2017)). However, to the best of our knowledge, this study provides the first data on [Li] and Li isotopes in kimberlite-hosted cratonic peridotites.
A major reason for the lack of such data on xenoliths in kimberlites may be their widespread alteration. By contrast, the absence or low degrees of alteration in our samples enable to establish Li systematics both in bulk rocks and pure minerals.
Li mineral hosts and variation in Udachnaya peridotites
The main hosts of Li in peridotites, unlike for many other lithophile trace elements, are olivine and opx where it replaces Mg. Li is moderately incompatible during mantle melting, similar to Yb-Ho (Marschall et al., 2017; McDonough and Sun, 1995) .
Studies of unmetasomatized fertile peridotites suggested that primitive mantle has ~1.6 ppm Li and a  7 Li of ~3.5‰ (e.g. Jeffcoate et al., 2007; McDonough and Sun, 1995; Seitz et al., 2004) . Recent data on mid-ocean ridge basalts produced similar, but possibly more precise values: ~1.39 ± 0.10 ppm Li and a  7 Li of ~3.5 ± 1.0‰ (Marschall et al., 2017) . Experimental results and data on natural samples define the following order of [Li] in minerals of equilibrated peridotites: ol > opx ≥ cpx >> gar (e.g. Caciagli et al., 2011; Ottolini et al., 2009; Seitz and Woodland, 2000) .
Li isotopes were surveyed, in particular, as potential tracers of surficial materials (e.g. slab-derived) in mantle rocks and magma sources because they fractionate much more at low T. Detailed studies, however, found that [Li] and  7 Li can be greatly affected by diffusion-driven kinetic fractionation (likely fluid-assisted) in the mantle (Aulbach and Rudnick, 2009; Jeffcoate et al., 2007; Lai et al., 2015; Lundstrom et al., 2005; Pogge von Strandmann et al., 2011; Rudnick and Ionov, 2007) and/or by interaction of xenoliths with host magma in case of extended transport and cooling ).
As discussed above, the xenoliths in this study initially formed as melting residues and then were metasomatized, with enrichments increasing from spinel to coarsegarnet to deformed peridotites. Partial melting of fertile mantle should moderately decrease [Li] both in bulk residues, as for elements with similar compatibility (section 4.3), and in olivine. This appears to be the case for Mg-rich olivine in spinel and coarse garnet Udachnaya peridotites, which contains 1.2-1.9 ppm Li ( ̅ = 1.6 ppm), i.e. a little less than olivine in equilibrated fertile mantle peridotites (~1.6-2.4 ppm; Jeffcoate et al. (2007) ; Seitz et al. (2004) ) and close to olivine in spinel harzburgite xenoliths from Kamchatka ) ( ̅ = 1.45; Fig. 10a ). By contrast, [Li] in olivine from the deformed Udachnaya peridotites (2.4-7.5 ppm) is much higher than for fertile or residual peridotites, which can only be attributed to post-melting enrichments. Doucet et al. (2014) found strong water enrichments (up to 323 ppm H2O in olivine) in minerals from the deepest Udachnaya peridotites (180-220 km) and attributed them to metasomatism possibly linked to local shear zones. The olivine from the only deformed peridotite (U503) out of six samples in this study analyzed by Doucet et al. (2014) contains as much as 70 ppm water, compared to 8-26 ppm in olivine from one spinel harzburgite (U24) and four coarse garnet (U280, U283, U506, U1188) peridotites, which may be seen as evidence for links of deformation with the ingress of water-bearing fluids.
Non-equilibrium [Li] and Li isotopes in orthopyroxene
The fact that [Li] in opx is higher than in coexisting olivine (Figs. 9a and 10a ), contrary to equilibrium inter-mineral distribution, not only supports the case for Lienrichments by metasomatism, but also indicates that this process did not attain equilibrium. By the same token, the broad variations of  7 LiOl-Opx ( 7 LiOl - 7 LiOpx) from -6.6 to 7.8‰ (Table 3) imply disequilibrium inter-mineral Li-isotope partitioning (also by comparison with harzburgite xenoliths from Kamchatka ( Figs. 9a and 10a) ).
The main reason for the erratic [Li] and Li isotope distribution may be a particular nature of opx interaction with metasomatic media in kimberlite-hosted xenoliths.
Experimental work and observations on natural samples show that opx reacts with a broad range of silica-undersaturated mantle-derived melts including alkali basalts (Ionov et al., 2005b; Shaw et al., 1998) , but particularly with kimberlites (Kamenetsky et al., 2009 ) and carbonatites (Kamenetsky and Yaxley, 2015; Sharygin et al., 2017) to produce olivine ± cpx. This is the reason why kimberlites from Udachnaya (Kamenetsky et al., 2009 ) and elsewhere (e.g. Arndt et al., 2010) contain abundant xenocryst and phenocryst olivine, but normally no opx.
The morphology and structure of opx grains in many samples in this study, above all in deformed peridotites, are consistent with the reaction of the opx with late-stage fluids. The opx grains in these rocks are commonly rounded to ellipsoidal, probably due to partial dissolution (Fig. 1 c,d) , and have dark coatings on the surface and along cracks (probably reaction zones). Mineral fractions separated for analyses may have contained small amounts of such materials. These separates were only rinsed in distilled water, but not acid-leached before analyses, as is common in Li-isotope studies because excessive leaching may fractionate Li isotopes. Furthermore, it is possible that the rims of the corroded opx crystals were affected by Li diffusion from the reaction zones and interstitial melts. To sum up, the opx separates in this study are much more likely than olivine separates to contain components derived from metasomatic fluids, possibly Li-rich and affected by Li-isotope fractionation during emplacement and reaction with host mantle.
Interstitial components in the WR budget of [Li] and Li isotopes
The WR [Li] calculated from [Li] in olivine and opx and modal contents account for only 33-40% of [Li] measured in WR spinel harzburgites, while calculated WR  7 Li (2.0-3.1‰, Table 3 ) are much lower than measured WR  7 Li (7.4-9.1‰). The WR vs. mineral data suggest that much Li in the xenoliths resides in interstitial or grainsurface components. Such micro-granular materials, including Ca-rich olivine, mica, apatite, various carbonates and sulfides, have been documented in mineralogical and chemical studies of Udachnaya peridotites Sharygin et al., 2007) . Importantly, the textures and mineralogy of these materials imply an origin by precipitation from metasomatic media (likely related to kimberlites) during metasomatism or xenolith transport, and not via solidification of injected kimberlite magma.
Important additional factors in the erratic inter-mineral [Li] and  7 Li systematics could be that the Li enrichments: (a) were short-lived (shortly before or during eruption), and (b) involved small and unevenly distributed amounts of media with a range of [Li] and  7 Li. Overall, we ascribe the erratic  7 Li in our suite to the effects of kinetic Li isotope fractionation during percolation of evolving fluids from conduits into the peridotites, their reaction with opx, and diffusion of Li from the inter-granular space into and inside mineral grains (e.g. Lai et al., 2015; Lundstrom et al., 2005) . All these processes apparently took place shortly before or during the eruption of the kimberlite magma accompanied by deformation in wall-rock mantle.
It is not likely, however, that the Li-isotope fractionation could be driven by different Li diffusivities of studies in mantle minerals at different temperatures (e.g. Aulbach and Rudnick, 2009; Ionov and Seitz, 2008) . Recent experimental work (Yakob et al., 2012) has shown that partition coefficient for Li between olivine and diopside (DLiol/di = 2.0 ± 0.2) is independent of temperature. Thus it appears that closed-system diffusion of Li between olivine and diopside (or possibly opx) in response to changing temperature is not an appropriate explanation for the observed range of elemental and isotopic distributions in natural xenoliths. An alternative could be diffusive addition or subtraction of Li during open-system interaction with an infiltrating melt or fluid (Lai et al., 2015; Pogge von Strandmann et al., 2011) .
Effects of kimberlite contamination on [Li] and Li isotopes
Contamination by host kimberlite magma is possible on a small scale, but cannot be the major reason for [Li] and Li-isotope variations in our samples, e.g. WR  7 Li in two spinel harzburgite xenoliths in this study are higher than in the kimberlites (Table   29 1). The [Li] in Udachnaya kimberlites ( ̅ = 21 ppm) are not high enough to explain high [Li] in WR Udachnaya peridotites by infiltration and entrapment of their parental magma in the xenoliths, even considering that fragments of disaggregated wall-rock materials may make up about half their volume (section 2.2) such that [Li] (but also other incompatible trace elements) in the magmas could be twice as high as in the kimberlites. The latter are much more enriched in highly incompatible elements than in Li, such that even minor (~1-2%) contamination by kimberlite magma would be apparent in WR patterns and element ratios (Nb/Ta, Rb/Cs, Ba/Nb) of the xenoliths (section 4.3, Fig. 7a,b ). To increase [Li] from 2 to 4 ppm would require ≥5% of trapped kimberlite magma, which would also add 9 ppm La to the peridotite, i.e. 2-11 times higher than measured WR [La] , and also affect element ratios (Sheet 2 of ES2). No evidence for crosscutting kimberlite veins on a mm-scale or greater was found in hand speciemns or thin sections. Finally, experiments and natural data show that injection and assimilation of kimberlite magma in peridotites forms aggregates of cpx, mica and amphibole (e.g. Odling, 1995) , which are absent in our samples.
Metasomatic effects on [Li] and Li isotopes: A summary
To sum up, our preferred explanation for the high WR [Li] and the erratic intermineral [Li] and  7 Li distribution is interaction of lithospheric peridotites with fluids that are either precursors of kimberlite melts or, most likely, products of their fractionation and/or reaction with host mantle. The uniquely fresh host kimberlite at UdachnayaEast is rich in Na and Cl; its groundmass and melt inclusions in olivine contain alkali carbonates and other Na-and Cl-bearing minerals (Golovin et al., 2017; Kamenetsky et al., 2004; Kamenetsky et al., 2014) . The kimberlite melt formed in the deep mantle due to reaction of the chloride-carbonate liquids with host peridotites; when this Si-bearing melt rises to shallow levels in the lithosphere, it crystallizes olivine and may evolve progressively toward late-stage liquids, which are potent metasomatic agents (Kamenetsky et al., 2008) .
We suggest that on its way to the surface the kimberlite melt followed lithospheric shear zones and partly crystallized to yield late-stage alkali-rich melts. These highly mobile media infiltrated, heated and weakened wall-rock peridotites to facilitate their deformation as well as produce high [Li] and variable, but mainly high,  7 Li in olivine.
The metasomatism failed to yield olivine-opx inter-mineral equilibrium, because it partly consumed opx, but also because of small volumes and uneven distribution of the liquid, as well as short time spans between the melt infiltration and capture of the wall-rock fragments by the next portions of ascending kimberlite magma as deformed xenoliths. The trapped interstitial liquid solidified in the interstitial space as cryptic components responsible for high [Li] and lack of  7 Li balance between olivine and opx on the one hand, and bulk rocks on the other hand.
Another episode of Li fractionation may have taken place following the capture of the peridotite fragments by the kimberlite magma. The ascent of the magma at the Udachnaya-East pipe was fairly rapid, probably between two hours and two days (Doucet et al., 2014) , but the subsequent cooling of the intrusive kimberlite facies in the crust took much longer. The xenoliths in this study were collected 400-600 m below the surface, and the erosion may have removed a much thicker crustal section after the eruption ~360 My ago. It is reasonable to presume that the xenoliths stayed at sub-solidus temperatures long enough for alkali-rich fluids, expelled from kimberlite magma as it crystallized, to infiltrate the xenoliths, diffuse into rims of olivine and opx and further enrich the inter-granular material in Li, but not to attain equilibrium.
Modeling the isotopic fractionation shows that 6 Li diffuses about 5% faster than 7 Li in the interstitial space in the presence of fluids (Dohmen et al., 2010) . Diffusion of Li in minerals is much slower, and it is much slower in olivine than in pyroxene crystals at the same conditions. Overall, a combination of diffusion along grain boundaries, in different mineral species and in grains of different size causes transient fractionation of [Li] and Li isotopes by diffusion to yield a broad range of disequilibrium [Li] and  7 Li, e.g. between olivine and opx, as in xenoliths in this study (Lai et al., 2015) . By contrast, mantle xenoliths rapidly transported to the surface and ejected in the air by explosive eruptions, like spinel harzburgites from Avacha, Kamchatka Pogge von Strandmann et al., 2011) , cooled instantaneously and show no Li enrichments and equilibrated olivine-opx [Li] and  7 Li systematics.
Mg isotopes in Udachnaya mantle peridotites
At the same time, the late-stage melts and fluids were apparently too Mg-poor, and the mass ratio of fluid to host rock too low, to significantly affect the Mg isotope composition of measured Mg-rich olivines because the mass of Mg in the fluid was very small relative to that of Mg in the host rocks. This is why samples with high  7 Li still have mantle-like  26 Mg (Bourdon et al., 2010; Handler et al., 2009; Lai et al., 2015; Pogge von Strandmann et al., 2011) . Magnesium isotopes also fractionate during diffusion, both at the inter-mineral (Lai et al., 2015; Pogge von Strandmann et al., 2011) , and larger scale , but documented cases of Mg isotope variation in the mantle by melt-rock reaction involved relatively Mg-rich silicate melts and high melt/rock ratios (Xiao et al., 2013) . The lack of  26 Mg variation therefore suggests that little Mg was contained in the metasomatising fluids relative to the host peridotites. Overall, the samples in this study (that include major types of Udachnaya peridotites) fall in the range of typical mantle and thus suggest that large-scale Mg-isotope variations in the major part of cratonic mantle beneath Udachnaya are not likely.
Conclusions
1. Modal, major and trace element compositions for a new suite of 13 fresh deformed peridotites from the Udachnaya-East kimberlite in central Siberia, together with previously reported data on other samples, show that deformed garnet peridotites are metasomatized residues of melt extraction, which as a group experienced greater enrichments than coarse garnet and spinel peridotites. 4. The first Li isotope data reported here for kimberlite-hosted cratonic mantle peridotites show large differences in [Li] and  7 Li for major rock types. Olivine in coarse peridotites has [Li] and  7 Li close to those in olivine in equilibrated fertile to depleted off-craton mantle, whereas olivine from the deformed peridotites has much higher [Li] and a broader range of  7 Li. We attribute the latter to reaction with liquids expelled from kimberlite melt conduits that also facilitated deformation.
5. [Li] in opx is higher than in coexisting olivine, with a broad range of  7 LiOl-Opx.The dis-equilibrium Li partitioning does not stem from diffusive re-distribution between minerals, but is linked to interaction with external alkali-rich melts derived from ascending kimberlite magma. Large differences between [Li] determined by LA-and solution-ICPMS suggest that much Li in these rocks resides outside the "normal" Lihosting minerals (olivine, opx) as cryptic components between the major minerals formed from trapped metasomatic media responsible for high [Li] and lack of  7 Li balance between olivine and opx, and bulk rocks. (TCa-in-opx) . Also shown are coarse (small red circles) and deformed (small green circles) Udachnaya peridotites after Doucet et al. (2013) , the fields of Udachnaya deformed peridotites reported by Agashev et al. (2013) and of spinel peridotites (estimated by projecting T values to the 40 mW/m 2 geotherm, Goncharov et al. (2012) ), model conductive geotherms after Pollack and Chapman (1977) , graphite/diamond (G/D) stability boundary (Holland and Powell, 1998) and mantle adiabats for Tp=1250°C and 1300°C. Fig. 3 . Co-variation plots of Al2O3 (a robust melt extraction index) with major and minor oxides (wt.%) for whole-rock deformed garnet peridotites in this study, published data on coarse and deformed garnet peridotites, and spinel harzburgites from Udachnaya (Agashev et al., 2013; Doucet et al., 2012 Doucet et al., , 2013 Ionov et al., 2010) xenoliths (thin crosses) from the Kaapvaal (Pearson et al., 2004; Simon et al., 2007) , Tanzanian (Lee and Rudnick, 1999) , North Atlantic (Bernstein et al., 2006; Bernstein et al., 1998; Wittig et al., 2008) and Slave (Irvine et al., 2003; Kopylova and Russell, 2000) cratons. Thick continuous lines are residues of polybaric fractional melting of fertile mantle at 2-0, 3-0, 5-1 and 7-2 GPa (Herzberg, 2004) . Deformed Udachnaya peridotites diverge more from melt extraction trends, hence experienced more metasomatism, than coarse rocks. Fig. 4 . Histograms of modal clinopyroxene and garnet in deformed Udachnaya peridotites in this study in comparison with data for coarse garnet peridotites after Doucet et al. (2013) and Ionov et al. (2010) (a, c) , and for coarse and deformed garnet peridotites from Udachnaya (Agashev et al., 2013; Boyd et al., 1997) and other cratonic localities (b, d) . Two groups of deformed peridotites can be identified: one low in cpx and garnet (group 1), the other high in cpx and garnet (group 2). quality (XRF and EPMA) and major oxide equilibration of minerals in the rocks; they also confirm that the material crushed to obtain whole-rock powders is representative of the rocks in terms of homogeneity and mass. Symbols are the same as in Fig. 2.   Fig. 6 . Co-variation plots of whole-rock (WR) Al2O3 (wt.%) vs. modal cpx (a) and garnet (b) in peridotite xenoliths from Udachnaya and other mantle peridotites. Two groups of deformed peridotites, low-and high-cpx, in (a), and an excellent linear correlation for garnet peridotites from this study, Doucet et al. (2013) and Ionov et al. (2010) in (b) are to be noted. Symbols are the same as in Fig. 2 . to bottom: whole-rocks (a-b), garnet (c-d), clinopyroxene e-f), whole-rocks calculated from mineral data (g-h), and cpx/gar ratios (i-j). The columns on the left and on the right are, respectively, for samples with <6.5% and >6.5% of modal garnet. Lowgarnet peridotites have lower middle and heavy REE in WR and cpx than high-garnet peridotites, 'sinusoidal' REE patterns with a minimum for Dy-Tb and a 'hump' for GdSm, and cpx apparently out of equilibrium with garnet for heavy and middle REE. By contrast, the high-garnet samples show gradual decrease in REE in garnet from Lu to La, and coherent cpx and garnet patterns. 
